We have investigated the intrasubband spin-density excitation (SDE) in an asymmetrically doped GaAsAlGaAs single quantum well with balanced Rashba and Dresselhaus spin-orbit interaction strengths by inelastic light scattering. For this unique symmetry, the combined spin-orbit field is either parallel or antiparallel to the [110] in-plane direction of the quantum well for all wave vectors of the two-dimensional reciprocal space. In backscattering geometry, the SDE is formed by spin-flip intrasubband transitions of the spin-split subband. Via the splitting of the intrasubband SDE, we have directly detected the spin splitting of the conduction band due to the anisotropic spin-orbit field. As expected, the splitting is nonzero if a wave vector is transferred perpendicular to the direction of the spin-orbit field and close to zero for a parallel wave-vector transfer. The extracted values for the spin-orbit strength and for the wavelength of a persistent spin helix compare well with results of previous experiments of direct spatial mapping of the spin helix.
I. INTRODUCTION
In low-dimensional semiconductors, made out of materials with zinc-blende structure, there are two important contributions to relativistic spin-orbit coupling of free electrons: One arises due to the bulk inversion asymmetry (BIA) of the crystal lattice [1] (Dresselhaus effect). The second one can be important if there is a structure inversion asymmetry (SIA) present in the sample [2] due to, e.g., electric fields, caused by external gates and/or modulation doping (Rashba effect). In a two-dimensional electron system (2DES), the spin-orbit coupling leads to a spin splitting of the free electrons, even at zero external magnetic field, which depends on k , the wave vector of the electron in the plane of the 2DES. Generally, this spin splitting is anisotropic within the k x -k y plane of a (001)-oriented 2DES. In pioneering works [3] [4] [5] [6] , Jusserand et al. and Richards et al. have shown that the anisotropy of the spin splitting of the electrons in the plane of the 2DES can be probed by inelastic light scattering (Raman scattering) on spinflip single-particle transitions in highly doped GaAs-AlGaAs quantum wells. Ganichev et al. [7] reported that by angledependent investigations of spin photocurrents, employing the spin-galvanic effect, the anisotropic orientation of spins in k space can be probed directly. Recently, resonant inelastic light scattering (RILS) was also applied to probe the anisotropic spin splitting of two-dimensional hole systems in p-modulationdoped GaAs-AlGaAs quantum wells [8] . Not only is the spin splitting anisotropic for a 2DES in zinc-blende-type quantum wells, but also a giant spin-dephasing anisotropy was predicted for electrons with in-plane spin orientation [9] . Depending on the relative strengths of Rashba and Dresselhaus spin-orbit coupling constants, α and β, spin dephasing should be strong in one in-plane direction and weak in the perpendicular direction. The anisotropy should be maximal if both terms have equal strengths [10] . For this case, Schliemann et al. proposed a * christian.schueller@ur.de. spin transistor device which uses diffusive transport [11] . The predicted spin-dephasing anisotropy [9] was experimentally verified by polarization-resolved photoluminescence experiments [12] and by time-resolved Kerr rotation [13, 14] .
In the past few years there has been increasing interest in the very distinct case of equal Rashba and Dresselhaus coupling constants, α and β: It was proposed by Bernevig et al. [15] that for this case a new type of SU(2) spin rotation symmetry should be present, which should give rise to a persistent spin helix (PSH) for spins which are initially oriented out of the plane of a (001)-oriented 2DES. Subsequently, experimental evidence of the PSH was reported by transient spin-grating spectroscopy [16] , direct mapping via time-and spatially resolved Kerr microscopy [17] , and weak localization/antilocalization experiments [18] .
In this paper we report on RILS experiments on intrasubband spin-density excitations (SDE) on a sample from the same wafer that was used in the experiments of Ref. [17] , where evidence of the PSH was shown by direct spatial mapping. In contrast to the above-mentioned similar Raman experiments on one-side-doped quantum-well samples with large electron densities, where the in-plane anisotropy of the spin splitting is rather weak [3, 4] , in this sample with approximately equal strengths of Rashba and Dresselhaus spin-orbit couplings, the anisotropy is expected to be maximal: In the [110] in-plane direction, where the existence of a persistent spin helix in the sample for out-of-plane spin excitation was already proven by direct mapping [17] , the spin splitting for in-plane spins is expected to be maximal, and in the perpendicular [110] direction, it should be much smaller, on the order of the difference between Rashba and Dresselhaus spin-orbit couplings (and the cubic Dresselhaus term). In the following we will show that evidence for the presence of the SU(2) spin rotation symmetry, which manifests itself by the above-described extreme case of spin-splitting anisotropy for in-plane spin orientations, can be proven by inelastic light scattering on the intrasubband SDE. After introducing details of the investigated sample and the setup in Sec. II, we will show in Sec. III theoretically that only spinflip transitions between the spin-orbit split-conduction-band subbands contribute significantly to the intrasubband SDE in quasi-backscattering geometry. This enabled us to derive directly from the experimental spectra of the SDE, which will be presented in Sec. IV, the spin splitting of the conduction band for the different in-plane directions and hence to verify the condition for the PSH in the investigated sample.
II. EXPERIMENTAL DETAILS
The sample is a two-side modulation-doped (001)-oriented GaAs-Al 0.3 Ga 0.7 As single quantum well with a 12-nm well width. The quantum well is placed 95 nm below the surface. The asymmetric Si δ doping on both sides of the quantum well provides an approximately balanced Rashba and Dresselhaus spin-orbit interaction in the 2DES, i.e., α ∼ β. Figure 1(a) schematically shows the conduction-band profile of the sample in the area where the 2DES is located. The sheet carrier density and mobility of the 2DES are 5 × 10 15 m −2 and 33 m 2 V −1 s −1 , respectively, as determined from transport experiments at T = 5 K under illumination. The RILS experiments were performed with a tunable continuous-wave Ti:sapphire laser, which was held at a fixed wavelength of λ = 789.9 nm in all experiments discussed in this paper, and the sample was mounted in a He flow cryostat at a nominal temperature of T = 5.5 K. The laser was focused to a spot with a diameter of about 100 μm on the sample surface, and the power density in the laser spot was about 80 W/cm 2 . The scattered light was analyzed by a triple Raman spectrometer and detected by a liquid-nitrogen-cooled charge-coupled-device detector. The spectral resolution of the setup was about 34 μeV. The experiments were performed in quasi-backscattering geometry, as sketched in Fig. 1(b) . The use of an aperture in the beam of the scattered light allowed us to fix the scattering angle θ with an accuracy of about ±4
• . By tilting the sample normal with respect to the directions of incident and backscattered light by an angle θ , a wave vector q can be transferred parallel to the plane of the 2DES [see Fig. 1(b) ]. For backscattering geometry, the wave-vector transfer is q = (4π/λ)sinθ if the small difference in wavelengths between laser and inelastically scattered light is neglected, i.e., λ is chosen as the laser wavelength. All spectra were recorded for crossed linear polarizations of the laser and the scattered light (depolarized geometry).
III. THEORETICAL CONSIDERATIONS
The spin-orbit part of the Hamiltonian of an electron in a (001)-oriented quantum well is given by
when only terms linear in k are considered. Here, the x, y, and z directions are parallel to the [100], [010], and [001] crystal directions, respectively. In the notation used here, both α and β are assumed to be positive quantities for a GaAs quantum well; that is, the electric field in the quantum well is pointing in the [001] direction [19] [see Fig. 1(a) ]. An effective k -dependent spin-orbit field h is usually defined via a Zeeman-type Hamiltonian H so =σ h, whereσ = (σ x ,σ y ,σ z ) is the vector of the Pauli spin matrices. With this definition, the spin-orbit field is given by
in the above-used notation and linear in k approximation. For the special situation discussed here, i.e., α = β, the unique situation arises where the spin-orbit field reduces to
This means that the direction of the spin-orbit field h is, for all k = (k x ,k y ), either parallel or antiparallel to the [110] in-plane direction if the sum (k x + k y ) in Eq. (3) is either positive or negative, respectively. Regarding the energy of an electron, this leads to the scenario, as sketched in Fig. 1 (c) for a constant energy, where the energy paraboloids for electrons with spins oriented in plane parallel or antiparallel to h are shifted by k relative to each other in the two-dimensional k space. The magnitude of k is given by [15] 
Here, m * is the effective mass of the electron. We have experimentally determined m * for our sample via inelastic light scattering on the cyclotron resonance excitation in a perpendicular magnetic field (not shown) under conditions similar to the experiments discussed in this paper. From these experiments we get m * = (0.075 ± 0.001)m e at the Fermi energy of the 2DES. This value is larger than the nominal band-edge value of m * = 0.067m e due to nonparabolicity of the conduction band [20] and the finite penetration of the electron wave function into the barrier material.
At the same time, k is the wave vector of the PSH for out-of-plane spin excitations, which is expected in the [110] direction [15] , and is connected to its wavelength λ PSH via k = 2π/λ PSH . Fig. 1(c) [110] [see Fig. 2(a) ] at the Fermi energy is connected to k via
where k F is the Fermi wave vector of the 2DES. Next, we consider the inelastic light-scattering process on the intrasubband SDE in more detail. In the light-scattering process, a virtual electron-hole pair is created by absorption of a laser photon. Either the electron or the hole is scattered by the creation of a SDE in the system (Stokes process). For the whole process, energy and momentum conservation holds; therefore, the energy of the scattered photon is decreased by the energy of the created excitation, and the wave-vector component parallel to the translationally invariant quantum-well plane q is transferred to the excitation, i.e., to the SDE. Macroscopically, an intrasubband SDE is a spin wave, which travels in the plane of the 2DES with wave vector q. The possibility to excite SDEs in inelastic light scattering is generally a consequence of spin-density fluctuations of the electron system and of spin-orbit interaction in the zinc-blende-type structure [21, 22] . Microscopically, the SDE consists of spin-flip and non-spinflip intrasubband single-particle transitions of individual electrons, which are coupled by exchange Coulomb interaction. In Figs. 2(b) and 2(d) , spin-flip single-particle transitions, where an electron is excited from a state below the Fermi energy to an empty state above the Fermi energy and which may contribute to the intrasubband SDE, are indicated by curved arrows. The single-particle transitions displayed here represent the high-energy cutoffs of the corresponding intraband spin-flip excitations for a given wave vector q: Since the wave-vector dispersion of the electron is a two-dimensional paraboloid in k space, there is actually a continuum of possible single-particle transition energies for a given q, ranging from zero energy up to the high-energy cutoff [22] . The resulting sawtooth-like spectral shape of the intrasubband single-particle excitation, which can be probed by inelastic light scattering, is described by a Lindhardt-Mermin line shape [23] with a nearly linear increase of the intensity, starting from zero at zero energy, and a very steep decrease at around the cutoff energy. Due to exchange Coulomb interaction, energy renormalizations of the spin excitation can occur. However, for the intrasubband SDE these collective effects are typically small [24] since the energies of the SDE are inside the continuum of intrasubband single-particle transitions and are hence Landau damped [22] . Therefore, most often, the collective intrasubband SDE is regarded as an intrasubband single-particle excitation. 
Here, e i (e s ) is the polarization vector of the incident (scattered) light wave, and γ is a factor which contains resonance enhancement effects [21] . Since all our experiments were performed with the same laser wavelength and the relevant Raman shifts are negligibly small, γ can be considered here to be a constant. If we choose the [001] direction (z direction) as the quantization axis for the spin, the spin part ψ ±k of the electron wave function for spin orientations in the plane of the quantum well is given by [25] 
where φ k is the angle between the direction of the spin-orbit field h and the [100] direction (x direction). |↑ and |↓ are the spin eigenvectors for spins parallel and antiparallel to the z direction, respectively. If linear light polarizations e i and e s are considered, the scattering amplitude A f i has its maximum for perpendicular polarizations of incident and scattered light. This is usually referred to as depolarized scattering geometry. Then, for exact backscattering geometry (θ = 0), the cross product in Eq. (6) has only a nonzero z component. Because of the large difference in refractive indices of GaAs (∼3.6) and vacuum, this is a good approximation, even though in our experiments a finite tilt angle θ is applied [see Fig. 1(b) ]. Therefore, we have to consider for the matrix element of the spin operator in Eq. (6) only the z component. As described above, for the system considered here, with α = β, there are only two possible orientations of the spin-orbit field h, i.e., φ k = −45 • or 135
• . Thus, the two possible spin eigenfunctions for in-plane spins are
The It should be noted that the deviation from exact backscattering geometry in our experiments also induces non-spin-flip transitions via the σ x and σ y components in the matrix element in Eq. (6) . As already discussed, due to the large difference in refractive indices, this admixture is, however, expected to be small (see below).
IV. EXPERIMENTS AND RESULTS
We now come to the discussion of the experiments. Figures 3(a) and 3(b) show series of depolarized spectra for different tilt angles θ , from θ = 10
• (top spectra) to θ = 38 (bottom spectra). In the experiments in Fig. 3(a) , the wave vector q was transferred in the [110] in-plane direction, and in Fig. 3(b) it was parallel to [110] . The sharp cutoff at about 0.5 meV in the bottom spectra of both plots is due to the cutoff of the triple Raman spectrometer. The strong elastically scattered laser light is still visible around zero Raman shift. The spectra are horizontally shifted in the waterfall plot (see Fig. 3  caption) , so that the maxima in the spectra are approximately vertically aligned and marked by vertical dashed lines in Fig. 3 for better comparison. The spectra of the intrasubband SDE in Fig. 3(b) closely resemble the asymmetric Lindhard-Mermin line shape [23] of single-particle intrasubband excitations. For these excitations, the high-energy cutoff E q , which appears at around 1.6 meV in the bottom spectrum in Fig. 3(b) , is determined by the Fermi wave vector k F and the wave vector q via
assuming a parabolic band and q k F . Following the analysis in Ref. [23] , we have determined the carrier density n = k 2 F /(2π ) of the 2DES by analyzing E q in the experimental spectra depending on q. From this analysis we get n = (4.40 ± 0.75) × 10 15 m −2 for the electron density of the 2DES. This value is slightly smaller than the value, given above in Sec. II, obtained from transport measurements on a different piece of the sample. Furthermore, it is well known that in optical experiments with continuous-wave laser illumination the carrier density in the quantum well is typically reduced due to redistribution of the carriers between doped regions in the barriers and the quantum well.
The spectra in Fig. 3(a) , where q was transferred parallel to the [110] in-plane direction, exhibit two maxima, which are shifted against each other by about (0.37 ± 0.05) meV, nearly independent of the transferred wave vector q. These spectra resemble spectra on highly doped asymmetric GaAs quantum wells with relatively large spin splittings [3, 4] . It can easily be verified theoretically that the high-energy cutoffs of the spin-flip transitions, as schematically displayed in Fig. 2(b) , are given by E ± = E q ± E S, [110] . This may explain the experimental observation in Fig. 3: In the [110] direction, where the spin splitting E S, [110] is close to zero, only a single maximum is observed [ Fig. 3(b) ]. In the [110] direction [ Fig. 3(a) ], two maxima, which are equally shifted to both sides, are present. Of course, in principle, all possible states at around the Fermi energy with |k | ∼ k F can contribute to the observed excitation. Generally, the spin-flip transition energies E ± (k ) for a fixed direction of q are given by [5] E
with E q being defined by Eq. (9). Here, δ q is the fixed angle between q and the [100] axis, and δ k is the corresponding angle between k and the [100] axis. Hence, E ± (k ) is maximal for δ q = δ k , which is the situation assumed above and in Eq. (9). Furthermore, Jusserand et al. [5] have shown that the peaks in the inelastic light-scattering spectra appear when dE ± /dδ k = 0, i.e., around the high-energy cutoff when δ q = δ k . This justifies the simplification in our data analysis of considering only the energy diagrams for k q.
For a closer inspection, spectra, measured for q = 6.47 × 10 6 m −1 (θ = 24 • ), are compared in Fig. 4(a) . The different maxima in both spectra can clearly be recognized (marked by small arrows). At this relatively small value of q, the low-energy tails of the spectra are cut off by the spectrometer [vertical dashed line in Fig. 4(a) ]. Therefore, in Fig. 4(b) , we analyze the line shapes of the spectra for a larger wave-vector transfer of q = 9.79 × 10 6 m −1 , where, however, the two maxima in the black spectrum are less well pronounced. The red and black spectra are the experimental spectra, recorded for wave-vector transfer in the [110] and [110] directions, respectively. For the dashed blue and magenta spectra, we have shifted the experimental spectrum by equal amounts to higher and lower energies for a total shift of 0.37 meV, as indicated in Fig. 4(b) . The sum spectrum of the two shifted spectra [dashed green line in Fig. 4(b) ] represents an almost exact reproduction of the experimental spectrum, which was taken for a wave-vector transfer in the perpendicular in-plane direction [black spectrum in Fig. 4(b) ]. This provides strong evidence that the double-peak structure in the spectra in the [110] direction is a superposition of two intrasubband transitions with different cutoff energies, namely, the spinflip transitions as sketched in Fig. 2(b) . We note that both spin-flip transitions are expected to have the same strength since A +− = A −+ = γ [see discussion of Eq. (6) above]. For the [110] direction, where the spin splitting is close to zero, the two spin-flip transitions have the same energy E q [see Fig. 2(d) ], whereas for the [110] direction they are shifted by ± E S, [110] [ Fig. 2(b) ]. Furthermore, this analysis underlines that the admixture of non-spin-flip transitions to the SDE due to the finite tilt angle θ in our experiments (see discussion in Sec. III above) should be small, at least up to tilt angles of θ 38
• , which were applied here. Finally, Fig. 4 (c) shows the dependence of the peak positions in both scattering configurations depending on the wave-vector transfer q. The positions were extracted manually from the spectra. In Fig. 4(c) data points which were derived from spectra for larger tilt angles θ , i.e., larger q, as shown in Fig. 3 , are also included. As expected from our simple theoretical analysis above, the peak separations are approximately independent of q; they are given by the spin splitting E S, [110] . We receive from our experimental data E S, [110] = (0.18 ± 0.05) meV. From the facts that we observe a double-peak structure only in the [110] direction and that the single peak, which is observed in [110] direction, is energetically in the middle of these two maxima, we conclude that in the investigated sample almost balanced Rashba and Dresselhaus spin-orbit strengths are realized. The limiting cases for the extracted values will be discussed below.
In the remaining paragraphs we will estimate some relevant quantities of our sample from our experimental results. The spin splitting E S, [110] in the [110] direction is given by [6, 15] 
whereas in the [110] direction it is
Using E S, [110] = (0.18 ± 0.05) meV from our experiments and k F = (1.66 ± 0.18) × 10 8 m −1 , as determined from the analysis of E q (q) following Ref. [23] , we obtain from Eq. (11) (α + β)/2 = (2.77 ± 0.83) meVÅ. Provided that α = β, this is the value for the Rashba and linear Dresselhaus coefficients α and β. This value is somewhat larger than the value determined in Ref. [17] . The small difference may be due to different illumination conditions of the sample and therefore a different electric field across the quantum well. Note that in Ref. [17] , a transient in k due to a finite excitation spot size [26] has not been included in the analysis, yielding estimates for k that are slightly too small.
From a careful inspection of our experimental spectra, we could estimate that we are not able to resolve peak splittings of the asymmetric line shapes in our experiments which are smaller than about 0.1 meV, i.e., spin splittings E S < 0.05 meV. This means that, for the [110] direction, we can determine, using Eq. (12), (α − β) < 1.5 meVÅ as an upper limit for the difference of linear Rashba and Dresselhaus coefficients. Using this upper limit, we get with Eqs. (11) and (12) α < 3.5 meVÅ and β > 2.0 meVÅ as the limiting cases from our experiments.
From Eq. (5), we can estimate the wave vector k of the PSH, which gives k = (1.14 ± 0.33) × 10 6 m −1 . With this result, the wavelength of the PSH can be computed to be λ PSH = (5.5 ± 1.5) μm. This compares fairly well to the wavelength, which is evident from direct mapping of the PSH in Ref. [17] for long time delays between pump and probe pulses. Finally, we want to note that the spin orientations of the spin-flip excitations, which we have investigated in this paper, are orthogonal to the spins of the PSH, which are parallel to the (110) plane.
V. CONCLUSION
In conclusion, we have directly determined the spin splitting of a 2DES in an asymmetric GaAs-AlGaAs quantum well with approximately equal strengths of Rashba and Dresselhaus spin-orbit coupling via inelastic light scattering on the intrasubband spin-density excitation. In the [110] in-plane direction, where the PSH for out-of-plane spin excitation was previously proven by direct spatial mapping, we find a spin splitting of in-plane spins of about 0.18 meV. In the perpendicular in-plane direction, the spin splitting is found to be smaller than 0.05 meV within our experimental accuracy.
